The primary structure of the K2 antigen of Escherichia coli was elucidated by composition, alkaline fragmentation, dephosphorylation with hydrofluoric acid, periodate oxidation, and methylation analysis. The polymer contains galactose in the pyranosidic and furanosidic ring form. It consists of phosphogalactopyranosyl glycerol and phosphogalactofuranosyl glycerol units in a molar ratio of 2:1. The sequence of these units is not known. The structure of the K2 antigen is reminiscent of that of certain teichoic acids of gram-positive bacteria. Using microprecipitation, it was shown that in the polymer galactoside is immunodominant.
The primary structure of the K2 antigen of Escherichia coli was elucidated by composition, alkaline fragmentation, dephosphorylation with hydrofluoric acid, periodate oxidation, and methylation analysis. The polymer contains galactose in the pyranosidic and furanosidic ring form. It consists of phosphogalactopyranosyl glycerol and phosphogalactofuranosyl glycerol units in a molar ratio of 2:1. The sequence of these units is not known. The structure of the K2 antigen is reminiscent of that of certain teichoic acids of gram-positive bacteria. Using microprecipitation, it was shown that in the polymer galactoside is immunodominant.
In previous publications it has been shown that pathogenicity of Escherichia coli correlated with the chemical and physical properties of their polysaccharide antigens (24, 25) . The polysaccharide K antigens most frequently associated with urinary tract infections, and notably with pyelonephritis, are Kl, K2, K3, K5, K12, and K13 (9, 15) . It was found that patients with urinary tract infections often develop antibodies against the causative E. coli strains (14, 16) . In an animal model, anti-K antibodies were shown to be protective against experimental pyelonephritis (17) . Since these capsular polysaccharides are not immunogenic per se in humans and animals (13, 17) , they will have to be chemically modified to become immunogens. For such studies the knowledge of the polysaccharide structures is indispensable.
The Kl antigen is a homopolysaccharide consisting of a-2,8-linked N-acetylneuraminic acid (22) , and the K13 antigen is a heteropolysaccharide with a repeating sequence of 3-linked ribose and 7-linked 2-keto-3-deoxymannosoctonic acid (30) . In preliminary studies we have found that the K5 antigen consists of equimolar amounts of glucuronic acid and N-acetylglucosamine and that the K12 antigen consists of 2-keto-3-deoxymannosoctonic acid and L-rhamnose (unpublished data). In this communication we report the structure of the K2 antigen from E. coli 06:K2:Hl.
MATERIALS AND METHODS on D1.5 agar (29) , and for the isolation of the polysaccharide it was grown at 37°C in DO medium containing Casamino Acids (2%), dialyzable portions of yeast extract (100 ml/liter, from 100 g) and glucose (0.2%) to the late logarithmic phase (4 to 6 h).
Isolation of the K2 antigen. The procedure described by Gotschlich et al. and Vann et al. (7, 31) was used, which is briefly described as follows. To precipitate the polysaccharide in the culture medium, cetyltrimethylammonium bromide was added to give a final concentration of 0.1%. The polysaccharide was extracted from the precipitate with 1 M calcium chloride. It was purified by three cycles of precipitation with ethanol (80%) and extraction with phenol buffered with sodium acetate to pH 6.5. The final aqueous phase was ultracentrifuged at 100,000 x g, dialyzed, and freeze dried. All operations were carried out at 4°C.
Analytical methods. Detection of sugar constituents by gas chromatography, paper chromatography, thin-layer chromatography, and paper electrophoresis, as well as the determination of neutral sugars, glycerol, and phosphate, have been described earlier (11, 12, 27) . Analytical ultracentrifugation was performed in a Spinco model E ultracentrifuge with an An-H-Ti rotor at 50,000 rpm. Gas chromatographic analyses were run on a Varian Aerograph Series 1400, equipped with an autolinear temperature programmer and a HewlettPackard 3380 A integrator. A pH meter, model Radiometer Copenhagen pH M4, was used for titration, and a Perkin-Elmer polarimeter 141 was used for determination of optical rotations.
Periodate oxidation and Smith degradation. Periodate oxidation and Smith degradation (4, 6) were performed as previously described (26) . The polymer was oxidized with sodium metaperiodate for 3 days at 4°C. Excess reagent was decomposed with ethylene glycol, and the product was reduced with sodium borohydride. The resulting mixture was dialyzed, and the product was obtained by lyophilization. For the determination of the constituents the oxidized polysaccharide was hydrolyzed at 100°C for 2 h in 2 N hydrochloric acid. The neutralized hydrolysate was prepared for gas chromatographic determination of the oxidized products (11, 12, 27) . To obtain oligosaccharides, the periodate-oxidized and subsequently reduced polysaccharide was hydrolyzed at 1000C for 1 h in 0.5 N sulfuric acid.
Fragmentation of phosphate linkages. The polymer was treated with 1 N sodium hydroxide for 16 h at 37°C under an atmosphere of nitrogen (1) . After neutralition the fragments were dephosphorylated by treatment with alkaline phosphatase (12) and isolated by chromatography on Bio-Gel P2 and preparative paper chromatography in butanol-pyridine-water (6:4:3, by volume).
Dephosphorylating fragmentation with hydrofluoric acid. For direct dephosphorylation, the K2 antigen was kept in 55% aqueous hydrofluoric acid at 40C for 3 days (27) RESULTS Isolation and characterization of the K2 antigen. As described previously with the K13 antigen of E. coli (30) , the bacteria were grown in a rich dialyzable medium (7, 31) . In the isolation and purification of the K2 antigen, use was made of the insolubility of its cetyltrimethylammonium salt in water and of its calcium salt in 80% ethanol. After precipitation with cetyltri- The composition of the K2 antigen is shown in Table 1 . It consists of equimolar amounts of galactose, glycerol, and phosphate. Whereas galactose was determined in the neutralized hydrolysates by gas chromatography after reduction with sodium borohydride and acetylation, glycerol was quantitated enzymatically (Boehringer, Mannheim) with the reduction step omitted. Attempts to determine both components simultaneously led to severe losses of glycerol during the manipulations.
Periodate oxidation and Smith degradation. Periodate oxidation of the polymer destroyed about 80% of the galactose and none of the glycerol. The analytical values obtained after periodate oxidation and reduction with sodium borohydride are also included in Table 1 . Reduction of the oxidized K2 polysaccharide, followed by total acid hydrolysis, liberated threitol and the glycerol constituent of the polymer.
When the oxidized and reduced K2 antigen was hydrolyzed under the mild conditions used in Smith degradation, the results were the same as with the total acid hydrolysis described above. Only threitol and glycerol were obtained. In the neutralized hydrolysate that was not incubated with alkaline phosphatase before the gas chromatographic analysis (Fig. 1) , only small amounts of threitol were found. Phosphatase treatment did not affect the amount of glycerol that could be detected.
The results of the periodate oxidation indicate that in the K2 antigen galactose is present either in the pyranosidic form linked at C4 or in the furanosidic form linked at C5.
Alkaline fragmentation. We wanted to know whether glycerol phosphate is part of the main chain of the polymer, as in teichoic acids and related polymers (1) , or whether it is a substituent of a main chain, as in the 0100 antigen of E. coli (12) . To differentiate between J. BACTERIOL. these possibilities and to gain information as to the position of the phosphate substitution, we subjected the polysaccharide to alkaline hydrolysis (1 Both fragments I and II were converted into their trimethylsilyl derivatives and subjected to gas chromatography. They both had a retention time, relative to lactose, of RTIc = 0.58 when analyzed under identical conditions. Like fragment I, fragment II gave rise to galactose and glycerol on total acid hydrolysis. Thus the result of the dephosphorylating fragmentation with hydrofluoric acid (fragment II) is identical to that of the alkaline fragmentation followed by treatment with alkaline phosphatase (fragment I). In both cases the phosphate that bridges the galactosyl glycerol units in the polymer is removed.
Methylation and analysis. The results described above indicate that in the K2 antigen galactose is bound to the 2-position of glycerol, which is linked via phosphate to the adjacent galactose unit. The sensitivity of galactose to periodate oxidation can be due to substitution at C4 in the pyranose form or at C5 in the furanose form. To establish the ring size of galactose and to confirm the substitution of glycerol at the 2-position, we performed a methylation analysis (28) . Since methylations of polysaccharides are hampered by phosphate substituents, we analyzed fragment II, obtained by dephosphorylation with hydrofluoric acid.
The permethylated fragment II was purified by chromatography on Sephadex LH20. After hydrolysis, the product was reduced, acetylated, and subjected to gas chromatography. As shown in Fig. 2 When the methylated fragment II was directly subjected to gas chromatography without prior hydrolysis, one peak was obtained. This was not symmetric, probably due to insufficient separation of the galactopyranosyl and galactofuranosyl glycerol derivatives. The mass spectrum taken at peak maximum (Fig. 3) Anomeric configuration of the galactosyl linkage. To establish the configuration of the galactosyl linkage, galactosyl glycerol (fragment II) was incubated with a-galactosidase and with ,B-galactosidase in ammonium acetate buffer at pH 6.6. After various times, samples were taken and heated briefly to 1000C to stop the enzyme action. After trimethylsilylation, the compounds were analyzed by gas chromatography. From the gas chromatograms the areas of substrate (galactosyl glycerol) and product (galactose) were integrated, and the ratio of substrate area to product area was plotted at various times. As shown in Fig. 4 , galactosyl glycerol was rapidly and practically completely hydrolyzed by a-galactosidase. In contrast, ,/-galactosidase showed no effect on the same substrate. From these results, fragment II can be formulated as a-galactosyl glycerol. Since fragment II is a 2:1 mixture of glyceryl galactopyranoside and -furanoside, our interpretation implies that the a-galactosidase from coffee beans also splits the a-glyceryl galactofuranoside. Since we have found no literature citation referring to this problem, and since a-galactofuranosides were not available to us for model experiments, the formulation of an a-galactofuranoside in the K2 polymer may be considered as tentative. Fragment II had an optical rotation of [a]' = +1380. This corroborates the results of the enzymatic studies.
Serological studies. In immune electrophoresis with anti-OK and anti-K antisera, the precipitation arcs indicated that the relatively fast anodically moving polymer was the K2 antigen of E. coli 06:K2:H1. The presence of the K2 antigen could also be demonstrated when cetyltrimethylammonium bromide was used instead ' 
DISCUSSION
The K2 antigen belongs to a group of E. coli K antigens which occur in bacteria causing urinary tract infections such as pyelonephritis (9) , and which have relatively low molecular weight and relatively high charge density (24, 25) . Like the other K antigens from urinary tract infective strains (Kl, K3, K5, K12, and K13), the K2 antigen is only obtained in very poor yields when the respective bacteria are grown on agar. We have therefore grown E. coli 06:K2:Hl in a rich dialyzable medium and isolated the K2 antigen with the use of cetyltrimethylammonium bromide as described previously (11, 30, 31) .
As established by alkaline degradation and dephosphorylating fragmentation with hydrofluoric acid, the K2 antigen consists of a repeating sequence of galactose, glycerol, and phosphate.
By dephosphorylating fragmentation, a main product was obtained which, by methylation and mass spectrometry as well as by the action of a-and 8-galactosidases, could be identified as a 2:1 mixture of a-galactopyranosyl 1,2-glycerol and a-galactofuranosyl 1,2-glycerol. These FIG. 6 . Structure of the K2 antigen of E. coli. The points ofcleavage by hydrofluoric acid (HF) and sodium hydroxide (NaOH) are indicated by arrows. The a-galactofuranoside linkage is given in parentheses because it was inferred from the data of Fig. 4 and could not be tested on model compounds for lack of their availability. Fragment I, obtained by alkaline degradation followed by enzymatic dephosphorylation, and fragment II, obtained by dephosphorylation with HF, are identical. They are 2:1 mixtures of (a) and (b).
VOL. 143, 1980 on September 7, 2017 by guest http://jb.asm.org/ antigens of a gram-negative bacterium. Although some pneumococcal capsular antigens also contain glycerol phosphate or ribitol phosphate in the polymer chain, these constituents are separated by larger oligosaccharide units (10) . The K2 antigen is serologically closely related to the K62 antigen of E. coli. We are currently also analyzing this polymer (Jann et al., in preparation). It would be interesting to see whether the K2 antigen of E. coli is synthesized by the cell in a way analogous to that of the cell wall teichoic acids of gram-positive bacteria, which have recently gained new interest with respect to biosynthesis and regulation (2, 21) .
Microprecipitation with anti-K2 antibody before and after periodate oxidation of the K2 antigen showed that, in the polymer, galactose is immunodominant.
No differentiation was made between the participation of furanosidic and pyranosidic forms of galactose in the serological expression of the K2 antigen. These facts are in accordance with the usual dominance of intrachain carbohydrate constituents over the polyol part in teichoic acids and related antigens, especially when the antisera were raised with whole bacteria carrying the polymers (18) . In contrast, glycerol phosphate, which is a substituent on a polysaccharide chain, has been found to be immunodominant, e.g., in the 0100 antigen (12) .
